-graphene nanocomposite was demonstrated by the degradation of organic dyes like BG, MB, MO and RhB under irradiation at 365 nm. The catalytic and photocatalytic activity were studied by UV-vis spectrophotometry.
Introduction
Progress in industrialization has gradually improved the quality of human life, but has also brought upon a series of environmental problems. In recent decades, wastewater treatment techniques have attracted much attention.
1 Aromatic nitro compounds represented by nitrophenols and synthetic dyes are major water pollution sources, owing to their solubility, and biological and chemical stability in water.
2-5
Aminophenol is an important intermediate in the synthesis of analgesic and antipyretic drugs such as phenacetin, acetanilide and acetaminophen. 6 A reducing agent, aminophenol is also utilized as a photographic developer and as an anticorrosion lubricant in fuels. 7 Therefore, it is necessary to convert nitrophenols in wastewater to aminophenols, which can then be used for industrial production. Many studies have been focused on the reduction by NaBH 4 in the presence of a suitable catalyst to solve this problem. 1, 7 Due to their unique electrical, optical, and catalytic performances in comparison to bulk particles, metal and metal oxide nanoparticles such as Ag, 8 Au, 9 Cu, 10 Ni 11 and CuO 12 have been developed as catalysts for the reduction of nitrophenols. A large number of individual studies of catalysts have been reported for the reduction of nitrophenols and their use as photocatalysts for the degradation of organic dyes; however, the study of common catalysts for both reduction and photocatalytic degradation is scarce. We fabricated BiVO 4 nanoparticles and decorated them on graphene to obtain a BiVO 4 -graphene nanocomposite. The catalytic reduction of 4-nitrophenol to 4-aminophenol in the presence of NaBH 4 was carried out on the BiVO 4 -graphene nanocomposite in an aqueous solution.
Other nitrophenols like 3-nitrophenol and 2-nitrophenol were also tested under the same conditions. Studies of semiconductor photocatalysts reveal important results that could help to solve the problem of pollution caused by synthetic dyes. TiO 2 is a well-known early semiconductor photocatalyst used for the degradation of organic dyes.
13 However, the photocatalytic activity of 
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In this study, the photocatalytic activity of the BiVO 4 -graphene nanocomposite was verified by the degradation of organic dyes (BG, MB, MO and RhB) under irradiation at 365 nm. The catalytic and photocatalytic activities were evaluated by UV-vis spectrophotometry. for 2 h in an electric furnace (Ajeon Heating Industry Co., Ltd) under an argon atmosphere.
Experimental

Materials
Bismuth (III) nitrate pentahydrate [Bi (NO 3 ) 3 ·5H 2 O],
Characterization
The crystal phases of the BiVO 4 -graphene nanocomposite were analyzed by X-ray diffraction (XRD, Bruker, D8 Advance) with Cu-K α radiation (λ = 1.54178 Å) in the range of 5-90°, employing a scanning rate of 0.02 s -1 . The morphology of the BiVO 4 -graphene nanocomposite was investigated by scanning electron microscopy (SEM, JEOL Ltd, JSM-6510) at an accelerating voltage between 0.5 and 30 kV. A UV-vis spectrophotometer (Shimazu, UV-1619 PC) with a wavelength range of 200 to 800 nm was used to determine the optical properties in the kinetics experiments.
Measurements of the catalytic properties
Aqueous solutions of nitrophenols (2-nitrophenol, 3-nitrophenol and 4-nitrophenol) at a certain concentration were prepared to investigate the effect of BiVO 4 -graphene nanocomposites as a catalyst. NaBH 4 powder (5 mg) was added in a glass vial and nitrophenol solution (10 mL) was injected subsequently. The solution was stirred with a magnetic stirrer to dissolve the NaBH 4 powder. The BiVO 4 -graphene nanocomposite (2 mg) was added as a catalyst in the solution. The progress of the catalytic reduction of nitrophenols was followed by UV-vis spectrophotometry at 5 min intervals.
Measurements of the photocatalytic properties
A UV lamp (8 W, 365 nm, 77202 Marne La Valee-cedex 1 France) was used as the light source for the photocatalytic reactions. The concentrations of the organic dyes BG, MB, MO, and RhB in water were manipulated to get the absorbance value of the aqueous solution in the range of 0.9-1.1 at λ max .
A 10 mL glass vial was used as a reactor and BiVO 4 -graphene nanocomposite (5 mg) was added after the organic dye (10 mL) was injected. The reactor was placed in the dark for 30 min to ensure adsorption-desorption equilibrium between the photocatalyst and the organic dye. Subsequently, the suspension was exposed to radiation at 365 nm. The concentration change of the organic dye was determined using the UV-vis spectrophotometer at 5 min intervals. 14-0688) . 19 The peak observed at 26.49° was concluded to be the diffraction peak of graphene. It can be seen from Figure 1 that the samples were not pure BiVO 4 -graphene nanocomposites; appendant peaks were present in the XRD pattern. Figure 2 shows the SEM image of the as-prepared BiVO 4 -graphene nanocomposite. BiVO 4 nanoparticles showed a globular structure in the SEM image 36 with the BiVO 4 
Results and Discussion
Structural analysis of BiVO 4 -graphene nanocomposite
Morphology of BiVO 4 -graphene nanocomposite
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-graphene Nanocomposites for the Reduction of Nitrophenols and the Photocatalytic Degradation … 243 nanoparticles gathered together. 37 Pores were distributed unequally on the surface of the gathered BiVO 4 nanoparticles. The gathered BiVO 4 nanoparticles were scattered on the surface of the graphene.
Catalytic reduction of nitrophenols
The catalytic activity of the prepared BiVO 4 -graphene nanocomposite was measured by the aqueous reduction of Figure 3(a) shows the catalytic reduction processes of 4-nitrophenol. As shown in Figure 3 (a), pure 4-nitrophenol absorbs at 317 nm; with the addition of NaBH 4 , the peak was red-shifted to 400 nm. After the BiVO 4 -graphene nanocomposite catalyst was added, the yellow color of the solution faded away. The peak at 400 nm decreased and a new peak at 300 nm simultaneously appeared. The decrease of the peak at 400 nm signified the reduction of 4-nitrophenolate ions and the appearance of the peak at 300 nm substantiated the formation of 4-aminophe- nol. Reduction reactions of other nitrophenols by NaBH 4 were also studied on BiVO 4 -graphene nanocomposites. 38 As shown in Figure 3(b) , the absorbance spectrum of 3-nitrophenolate ions showed a peak at 390 nm. When the yellow color was discharged, the peak at 390 nm also decreased. In addition, the peak at 291 nm was blue-shifted and the peak at 251 nm eventually disappeared. 39 Figure 3(c) shows the catalytic reduction of 2-nitrophenol. As can be seen in Figure  3 (c), 2-nitrophenolate ions show a peak at 415 nm in the presence of NaBH 4 . With the addition of the catalyst, the yel- low color of the aqueous solution started fading, the peak at 415 nm started decreasing, and the peak at 282 nm was redshifted.
39
The concentration of NaBH 4 was controlled and regarded to be constant during the course of the reaction. The kinetics of nitrophenol-reduction can be considered a pseudo-firstorder reaction. 8 The kinetic equation for the reduction of nitrophenol with a BiVO 4 -graphene nanocomposite in the presence of NaBH 4 can be written as follows:
ln(C/C 0 ) = −kt C 0 is the initial concentration of nitrophenol, C is the con- 
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-graphene Nanocomposites for the Reduction of Nitrophenols and the Photocatalytic Degradation … 247 centration at real time t, and k is the rate constant. The result of kinetics for reduction was shown in Figure 4 , which indicated that the order of reactivity of nitrophenols was 4-nitrophenol > 2-nitrophenol > 3-nitrophenol.
Photocatalytic degradation of organic dyes
The photocatalytic performance of the BiVO 4 -graphene nanocomposite was evaluated by degradation of organic dyes with irradiation at 365 nm. The Langmuir-Hinshelwood model was used to investigate the kinetics of photocatalytic degradation; the equation is as follows:
ln(C/C 0 ) = −Kap·t C/C 0 is the ratio of the concentration of organic dye after intervals of time t to its initial concentration. Kap is the apparent degradation rate constant. 42 The investigation indicated that the order of photocatalytic activity for the BiVO 4 -graphene nanocomposite was MB > BG > RhB > MO ( Figure 6 ).
Conclusion
BiVO 4 -graphene nanocomposites were fabricated by cal- Figure 6 . Kinetic studies of the photocatalytic degradation of the organic dyes using BiVO cination with graphene and BiVO 4 nanomaterial. The BiVO 4 nanomaterial was synthesized from bismuth (III) nitrate pentahydrate and ammonium vanadate (V). X-ray diffraction (XRD) and scanning electron microscopy (SEM) were employed to structurally and morphologically characterize the properties of the samples. As a catalyst, the catalytic activity of BiVO 4 -graphene nanocomposite was confirmed by the reduction of various nitrophenols (4-nitrophenol, 3-nitrophenol, and 2-nitrophenol) by sodium borohydride. The experimental results indicate that BiVO 4 -graphene nanocomposites present excellent catalytic activity, and kinetic studies showed the order of reactivity of nitrophenols was 4-nitrophenol > 2-nitrophenol > 3-nitrophenol. BiVO 4 -graphene nanocomposites also exhibited good photocatalytic performance for the photo-degradation of organic dyes like BG, MB, MO, and RhB at 365 nm. Kinetic studies indicated that the order of the photocatalytic activity of BiVO 4 -graphene nanocomposites for the degradation of the organic dyes was MB > BG > RhB > MO.
